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An Empirical Comparison of Lead ExposurePathway M o d e l s
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Department o f Env i ronmen ta l H e a l t h , U n i v e r s i t y o f C i n c i n n a t i M e d i c a lCenter, C i n c i n n a t i , Ohio
S t r u c t u r a l equat ion m o d e l i n g is a s t a t i s t i c a l method for p a r t i t i o n i n g the variance in a set of
i n t e r r e l a t e d m u l t i v a r i a t e outcomes in t o that which i s due to d i r e c t , i n d i r e c t , and covariate(exogenous) e f f e c t s . D e s p i t e t h i s m o d e l ' s f l e x i b i l i t y t o h a n d l e d i f f e r e n t e x p e r i m e n t a l d e s i gn s ,p o s t u l a t i o n of a causal chain among the endogenous variable s and the p o i n t s of i n f l u e n c e of thecovariates i s r equired . This has mot ivated the researchers at the U n i v e r s i t y o f C i n c i n n a t i
Department of Environmental H e a l t h to be guided by a theore t i ca l model for movement of lead
f r o m d i s t a l sources (ex t er ior soil or dust and pa in t l e a d ) to prox imal sources ( i n t e r i o r dust l e a d ) and
then f inal ly to b i o l o g i c outcomes ( h a n d w i p e and blood l e a d ) . The question of whether a s i n g l e
s tructural equation model b u i l t f r o m p r o x i m i t y argument s can be a p p l i e d to diverse p o p u l a t i o n s
observed in d i f f e r e n t communities with varying lead amounts, sources, and b ioavai lab i l i t i e s is
addres s ed in t h i s ar t i c l e . T h i s r eana ly s i s involved data f r o m 1855 c h i l d r e n less than 72 months of
age e n r o l l e d in 11 s tud i e s p e r f o r m e d over a p p r o x i m a t e l y 15 years. Data f r o m c h i l d r e n r e s i d ing
near f o r m e r ore-processing sites were inc luded in th i s reanalysi s . A s i n g l e model a d e q u a t e l y fi t
the data f r o m these 11 s t u d i e s ; however, the model needs to be f l e x i b l e to i n c l u d e p a t h w a y s that
are not f r e q u e n t l y observed. As e xpe c t ed , the more prox imal sources of in t er ior dust lead and
handwipe lead were the most i m p o r t a n t predic tor s of blood l e a d ; soil lead o f t e n had a number of
indirec t i n f l u e n c e s . A l i m i t e d number of covariates were al so i s o la t ed as u s u a l l y a f f e c t i n g the
endogenous lead var iab l e s . The blood l ead l e v e l s surveyed at the ore-proce s s ing s i t e s were
comparab l e to and a c t u a l l y somewhat lower than those reported in the the Third N a t i o n a l H e a l t h
and Nutrition Examinat ion Survey. Lessened b i o a v a i l a b i l t y of the lead at certain of these sites is a
p r o b a b l e reason for t h i s f i n d i n g . — Environ Health Perspect 1 0 6 ( S u p p l 61:1577-1583 (1998).
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Researchers at the U n i v e r s i t y of C i n c i n n a t i
D e p a r t m e n t o f Env ironmenta l H e a l t h have
been c o l l e c t i n g and a n a l y z i n g lead source
d a t a f r om numerous f i e l d s t u d i e s f o r over
15 years. The i m p o r t a n c e of prox imal lead
sources t o incr ea s ing c h i l d r e n ' s lead bur-
den has been r e p e a t e d l y d emons t ra t ed in
these data. To t h i s p o i n t , separate analyses
of the da ta f r o m each s t u d y s i t e have been

p e r f o r m e d (1-16). T h e q u e s t i o n
a d d r e s s e d i n t h i s a r t i c l e i s what i s t h e
d e g r e e o f c o n s i s t e n c y a m o n g t h e d a t a
analyses t ha t have been p e r f o r m e d .

I n 1 9 8 5 , t h e s t a t i s t i c a l t e c h n i q u e o f
s t r u c t u r a l equa t i on m o d e l i n g wa s i n t r o -
duced in to the environmental heal th l i t e ra-
t u r e (3). T h i s m e t h o d may be used to
par t i t i on the variance in a set of in t erre la t ed
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outcomes between that which is caused by
a d i r e c t i n f l u e n c e (i.e. , not m e d i a t e d by
o t h e r v a r i a b l e s in t h e m o d e l ) and t h a t
which is related through one or more indi-
rect pathways (i.e., mediated by at least one
other variable in the mode l). The structural
equation a p p r o a c h a l l ows researchers to
p o s t u l a t e richer and more r e a l i s t i c mode l s
of env ironmenta l e x p o s u r e , as not every
po s s i b l e p r e d i c t o r must be s p e c i f i e d to have
a d i r e c t i n f l u e n c e on the f i n a l outcome
(e.g., a measure of in t ernal exposure such
as c h i l d r e n ' s measured blood l ead).

The s e models are s p e c i f i e d in a manner
s i m i l a r t o o r d i n a r y r e g r e s s i o n m o d e l s .
However, because an ent ire causal chain of
event s or ou t come s must be s p e c i f i e d ,
a d d i t i o n a l t h o u g h t must be given to the
order in which these events take p l a c e (as
r e f l e c t e d in c h a n g e s / d i f f e r e n c e s in the mea-
sured v a r i a b l e s ) . I n t h e m o d e l s f i t b y
researchers at the Univer s i ty of C i n c i n n a t i ,
the p o s t u l a t e d chain o f events i s t h a t o f
movement of lead f r o m p a i n t and soi l to
dust on f l o o r s ( a n d / o r o ther s u r f a c e s ) , t o
c h i l d r e n ' s hands ( a n d / o r toys), and f i n a l l y
t o t h e i r b l o o d ( F i g u r e 1 ) . T h e mode l
shown in F i g u r e 1 is a t h e o r e t i c a l model
that has served to g u i d e the various s t a t i s t i -
cal analyses. The d i r e c t i o n of cau sa l i ty , o f
necessity, i s impo s ed on the m o d e l ' s p a t h -
ways, much as i n d e p e n d e n t v a r i a b l e s are
chosen to be p r e d i c t o r s of d e p e n d e n t vari-
ables, which are the outcome variables used
in both a s truc tural equat ion or a m u l t i p l e
regression a n a l y s t s . Choice of the d i r e c t i o n
of c a u s a l i t y may be made in terms of one
or more c o n s i d e r a t i o n s , i n c l u d i n g t i m i n g
of events ( a n t e c e d e n t s are expec t ed to pre-
d i c t f u t u r e o u t c o m e s ) , p r o x i m i t y ( t h e
m o d e l i s b u i l t f r o m d i s t a l t o p r o x i m a l
sources or b i o l o g i c ou t come s), and amount
of c o n t a m i n a t i o n (a s a m p l e d media with
larger amounts of l ead might be e xpe c t ed
to c o n t a m i n a t e a s a m p l e d m e d i a t h a t
demons trated a lesser amount of l ead). The
cros s- s ec t ional mode l shown in F i g u r e 1
was b u i l t p r i m a r i l y on p r o x i m i t y argu-
ments. S i t e - s p e c i f i c d i f f e r e n c e s (e.g., in the
b i o a v a i l a b i l t y of l ead , the general condi t ion
o f t h e h o u s i n g s t o c k , t h e amount o f
groundcover, or the t y p e of s o i l ) also have
introduced v a r i a b i l i t y i n t o the re la t ive con-
t r i b u t i o n s that each of these sources makes
t o p r e d i c t i n g a c h i l d ' s b lood lead.

I n a d d i t i o n t o t h e p a t h w a y s between
the lead sources and the outcome of b lood
l e a d , c o v a r i a t e s ( i . e . , o t h e r measurement s
m a d e a t t h e s i r e t h a t m a y m o d i f y t h e
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Figure 1. Gener i c s t ruc tura l equations p a t h w a y mode l of l e a d exposure .

a s s o c i a t i o n s shown in F i g u r e 1) must be
taken i n t o account. Covar ia t e s t h a t
f r e q u e n t l y a r e a s soc iated with c h i l d r e n ' s
blood lead level s include the family' s socioe-
conomic status (income a n d / o r educa t i on),
t h e c h i l d ' s age, a n d t h e c h i l d ' s hand-to-
mouth a c t i v i t y . H o u s e age and c o n d i t i o n
o f t e n are s i g n i f i c a n t pr ed i c t or s of the lead
source l e v e l s , in p a r t i c u l a r , the pa in t lead
l o a d i n g (measured in amount of lead per
unit area, e.g., mg/cm"), or soil lead and
dust lead l o a d i n g s (measured in amount of
lead per unit area, e.g., u g / m 2 ) and concen-
trations (characterized as parts per m i l l i o n ) .
P r o p o r t i o n o f soil area w i t h groundcover
a f f e c t s exterior dust lead levels, as well as soil
lead l e v e l s in some s tudie s . The covariates
that are s t a t i s t i ca l ly s ignif icant are o f t en not
the same for each community, as the e f f e c t s
of these variables are more likely to be site-
or p o p u l a t i o n - s p e c i f i c than the endogenous
pathways shown in F i g u r e 1.

The q u e s t i o n t h a t i s a d d r e s s e d in
this ar t i c l e is the degree of s i m i l a r i t y in the
resul t s documented f r o m a number of d i f -
ferent sites in which community lead s tud i e s
have been undertaken. The more similar the
re su l t s , the more a p p r o p r i a t e that a s i n g l e
model be used for s c i e n t i f i c and regulatory
purpose s and to e s t imate the dose-response
r e l a t i o n s h i p s in d i f f e r e n t communities.
M e t h o d s
In this analysis, 1855 children less than 72
m o n t h s of age were a v a i l a b l e f r o m 1 I
s tudie s [ B i n g h a m Creek, U t a h ( / ) ; Butte,
M o n t a n a (2); C i n c i n n a t i , Ohio , Lead in

C h i l d r e n S t u d y (3,4); C i n c i n n a t i , Ohio,
soil lead abatement s tudy (5-7); L e a d v i l l e ,
C o l o r a d o (8); Magna, U t a h (9); M i d v a l e ,
U t a h (10,11); P a l m e r t o n , P e n n s y l v a n i a
(12); S a n d y , U t a h (13); T e l l u r i d e ,
C o l o r a d o (14,15); a n d T r a i l , B r i t i s h
C o l u m b i a (16)}. The f o l l o w i n g i s a b r i e f
d e s c r i p t i o n of each site.

Bingham Creek, Utah , 15 mile s south
of Salt Lake C i t y , i s heavily contaminated
wi th m i l l t a i l i n g s t h a t were t r a n s p o r t e d
d o w n s t r e a m f r o m t h e c o p p e r a n d l e a d
mines lo ca t ed 10 to 15 miles to the west of
t h e mos t h e a v i l y c o n t a m i n a t e d area.
T r a n s p o r t o f t a i l i n g s d o w n t h e creek
ceased in the mid-1930s. R e c e n t l y , new
m i d d l e income s u b d i v i s i o n s have been
b u i l t on l ead-contaminated s o i l s a long a
1 0 - m i l e s t r e t c h o f t h e B i n g h a m C r e e k
f l o o d p l a i n (1).

Butte, M o n t a n a , p o p u l a t i o n 39,000, is
t h e s i t e o f e x t en s ive d e e p a n d o p e n - p i t
c o p p e r m i n i n g . S o m e o p e n - p i t m i n i n g
continues today. S m e l t e r s ceased opera t i on
by about 1910. T h e r e are ex t en s ive l ead-
c o n t a i n i n g mine waste d u m p s and t a i l i n g s
ponds throughout the community. Lead in
p a i n t and d r i n k i n g water pose a d d i t i o n a l
concerns (2).

The C i n c i n n a t i Lead in C h i l d r e n S t u d y
is a l o n g i t u d i n a l s t u d y of the e f f e c t s of lead
on child d e v e l o p m e n t in a cohort of low-
income f a m i l i e s l i v i n g i n t h e i n n e r c i ty .
Most housing, which was bui l t in the late
1 9 t h c e n t u r y , i s p o o r l y m a i n t a i n e d a n d
c o n t a i n s l a r g e q u a n t i t i e s o f l e ad-ba s ed
p a i n t . E x t e n s i v e e n v i r o n m e n t a l d a t a o n

th i s cohort was c o l l e c t e d between 1981
and 1986 (3,4). A cross-sectional sample of
c h i l d r e n tha t m a x i m i z e d the amount o f
n o n m i s s i n g d a t a and m i n i m i z e d th e l ag
time between the measurement of the chil-
dren's blood lead and the measurement of
the lead associated with their residences was
chosen for the purpose of this reanalysis.

T h e C i n c i n n a t i so i l l ead a b a t e m e n t
proj e c t focused on lead exposure reduction
in f a m i l i e s r e s id ing in inner city apartment
b u i l d i n g s t ha t had been renovated and
c o n t a i n e d l i t t l e or no l ead-ba s ed p a i n t .
P r i m a r y sources o f e x p o s u r e were h i g h
l e v e l s of l ead in s t r e e t d u s t and soil in
vacant l o t s and p l a y g r o u n d s (5-7). Only
p r e i n t e r v e n t i o n da ta c o l l e c t e d f o r t h i s
s tudy were used in this reanalysis.

Leadv i l l e , Colorado, p o p u l a t i o n 3800,
was home to very ex t ens ive lead m i n i n g ,
m i l l i n g , a n d s m e l t i n g o p e r a t i o n s . Most
mines and s m e l t e r s c l o s ed by 1970. One
mine and m i l l remain in opera t ion. Lead-
based paint is a major source of exposure in
over h a l f the hou s ing (8).

Magna, Utah, is located ju s t south of a
6000-acre t a i l i n g s p o n d and downwind
f r o m a very l a r g e a c t iv e c o p p e r s m e l t e r
about 1 5 m i l e s west o f S a l t Lake C i t y .
Res ident ia l s o i l s in a 15-square-block, low-
income neighborhood closes t to the smel-
ter were e v a l u a t e d and f o u n d to have
a c c e p t a b l y l ow l e v e l s o f l ead. H o w e v e r ,
l e a d - b a s e d r e s i d e n t i a l p a i n t p o s e d a
considerable concern (9).

M i d v a l e , U t a h , p o p u l a t i o n 12,000, i s
l o c a t e d about 12 mi l e s s outh of Salt Lake
C i t y . It was home to a z i n c / l e a d m i l l and
s m e l t e r . T h e s m e l t e r c l o s ed i n t h e mid-
1950s and the m i l l ceased opera t i on in the

e a r l y 1970s. R e s i d e n t i a l s o i l s c o n t a i n e d
high levels of zinc and lead. Homes bu i l t
pr i or to 1950 contain high l eve l s of lead in
paint (10,11).

P a l m e r t o n , P e n n s y l v a n i a , p o p u l a t i o n
5400, is located about 100 mile s northwest
of P h i l a d e l p h i a . A large zinc s m e l t e r with
p l a n t sites on each s ide of the town oper-
a t e d f o r over 75 years in t h i s v a l l e y .
Resident ial s o i l s contain high l eve l s of lead
and cadmium (12).

S a n d y , U t a h , h i s tor i c community about
15 mile s south of Salt Lake C i t y , was the
s i t e of several lead s m e l t e r s at the turn of
t h e c e n t u r y . R e s i d e n t i a l s o i l s i n a 1 5 -
s quare-b l o ck area around t h e s e f o r m e r
smel ters contain lead and arsenic. H o u s i n g
is old but well maintained (13).

T e l l u r i d e , C o l o r a d o , p o p u l a t i o n 1200,
was a s i lver and lead mining and m i l l i n g
c o m m u n i t y a t t h e t u r n o f t h e c e n t u r y .
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O p e r a t i o n s ceased in 1977. Old h o u s i n g
c o n t a i n s c o n s i d e r a b l e q u a n t i t i e s o f l e a d -
based p a i n t (14,15).

T r a i l , B r i t i s h C o l u m b i a , p o p u l a t i o n
15,000, is l o c a t e d on the C o l u m b i a River
due nor th of S p o k a n e , W a s h i n g t o n , and is
home to one of the few r e m a i n i n g act ive
l ead and zinc sme l t e r s in N o r t h Amer i ca .
H i g h l ead emis s ions contaminated much
o f t h e r e s i d e n t i a l area in th e i m m e d i a t e
v i c i n i t y o f the p l a n t . New t e c h n o l o g y has
g r e a t l y reduced emis s ions but residual lead
dust remains a p r o b l e m (16).

Data c o l l e c t i o n in these s t u d i e s was
p e r f o r m e d between 1981 and 1995, w i th
most of the s t u d i e s b e ing p e r f o r m e d since
1989. E n v i r o n m e n t a l and blood c o l l e c t i o n
p r o c e d u r e s were s t a n d a r d i z e d a n d a l l
s t u d i e s i n c o r p o r a t e d a r i g o r o u s q u a l i t y
control p l a n . C o m m u n i t y geometr i c mean

(GM) blood lead l e v e l s ranged between 2.6
u g / d l in B i n g h a m Creek, U t a h , and 12.9
u g / d i in the C i n c i n n a t i Lead in C h i l d r e n
S t u d y . H a n d w i p e l e a d w a s h i g h e s t i n
T r a i l , B r i t i s h C o l u m b i a ( G M = 9 . 0 u g ) ,
and lowest in Bingham Creek (GM = 2.0
u g ) ; however, h a n d w i p e s were not c o l -
l e c t e d in f o u r o f the s t u d i e s . A c o m p l e t e
c ompar i s on of lead exposures at the vari-
ous s i t e s is shown in T a b l e 1. A summary
of the number of e l eva t ed b lood l e a d s at
var iou s o r e - p r o c e s s i n g s i t e s i s shown in
T a b l e 2 . T h i s t a b l e a l s o i n c l u d e s d a t a
collected in the town of Aspen , Colorado ,
a s i t e a t w h i c h a s m a l l s t u d y was p e r-
f o r m e d in 1996 (17). F r o m t h i s t a b l e , i t
can be seen t h a t the b l o o d l ead l e v e l s at
t h e o r e - p r o c e s s i n g s i t e s d o n o t d i f f e r
a p p r e c i a b l y f r o m t h a t o f c h i l d r e n na t i on-
a l l y ( a c c o r d i n g t o t h e t h e T h i r d N a t i o n a l

H e a l t h a n d N u t r i t i o n E x a m i n a t i o n
S u r v e y ( N H A N E S I I I ) N a t i o n a l B l o o d
Lead S u r v e y (18), and a c t u a l l y are some-
what l o w e r t h a n t h e n a t i o n a l average .
Lessened b i o a v a i l a b i l t y of the lead at cer-
t a i n of these s i t e s i s a p r o b a b l e reason for
th i s f i n d i n g .

T h e generic mode l f o r p a t h w a y s f r o m
l ead source s t o c h i l d r e n ' s b l o o d l e a d s
( F i g u r e 1) was a p p l i e d to da ta f r om each of
the 11 s tudi e s as c l o s e l y as po s s i b l e . Not all
data were c o l l e c t e d at all s i t e s (e.g., hand-
wipe l e a d ) , and the que s t ionnaire s used for
c o l l e c t i n g much of the covariate in forma-
t ion did not become c o m p l e t e l y s tandard-
ized unt i l the later f i e l d s t ud i e s undertaken
in the western U n i t e d S t a t e s . T h u s , some
variable s were not measured at certain sites.

I n t h e a n a l y s e s o f each c o m m u n i t y ' s
da ta , a s t r a t e g y of backward e l i m i n a t i o n of

T a b l e 1. C o m p a r i s o n of l ead e xpo sure at s t u d y s i t e s (children < 72 months of agei.

V a r i a b l e 1 1

Blood lead concentration
H a n d w i p e l ead
I n t e r i o r dust l eadc o n c e n t r a t i o n
I n t e r i o r dus t l ead l o a d i n g
I n t e r i o r du s t l o a d i n g
E x t e r i o r entry du s t leadc o n c e n t r a t i o n
Stre e t dust l eadconcentration
P e r i m e t e r s o i l leadc o n c e n t r a t i o n
S a n d b o x / p l a y area l e a dc o n c e n t r a t i o n
G a r d e n so i l leadc o n c e n t r a t i o n
Bare yard area leadc o n c e n t r a t i o n
Maximum exterior paintl ead l o a d i n g
M a x i m u m i n t e r i o r p a i n tl ead l o a d i n g
W a t e r lead c onc en tra t i on
W h e n h o u s i n g wascons t ruc t ed
C h i l d ' s a g e
M o u t h i n g behaviorsummary score
Res idency l e n g t h
S o c i o e c o n o r n i c s t a t u s

C i n c i n n a t ic h i l d s t u d y(3.4)
Unit 1981-1985
p g / d l
M9
p p m
p g / m 2

g / m z

p p m
p p m
P P m
p p m
p p m
p p m
mg/cm 2

mg/cm*
p p m
Y e a r
M o n t h s'j

Months
c

12.9
7.0
1548
976
—
1830
—
—
—
—
—
4.9
2.2
—
1890-
1940
15.1
—
9
17

C i n c i n n a t is o i l l ead s t u d y(5-71
1989-1991

10.5
6.0
344
75
—
1376
1108
—
—
—
—
1.2
0.9
1.6
1890-
1940
31.0
—
!7
17

T e l l u r i d e . M i d v a l e .CO UTI K / 5 ) (10.11]
1987 1989

6.1 5.2
4.5 —
281 438
— 161
— 0.44
178 466
— —
145 342
— 78
— 295
— 313
1.9 1.2
2.6 1.0
1.2 1.4
— 1890-

1940
37.9 33.8
— 14
— 12
46 26

Butte.MT
(2)

1990
3.5
—
451
71
0.14
671
242
472
201
372
365
5.0
2.5
6.1
1914
29.2
33
27
31

L e a d v i l l e ,CO
(8)

1991
4.8
—
638
195
0.31
797
877
308
244
464
774

1.6
1.5

. 1.0
1957
38.4
26
24
30

T r a i l , B i n g h a mB.C. Creek,
(16) U T | 7 |
1992 1993
11.0 2.6
9.0 2.0
1014 110
280 31
— 0.28
2427 72
920 10.3
620 57
— 38
— 53
— 67
— <0.35
— <0.35
— 1.2
— 1984
38.5 38.2
14 25
— 34
— 40

M a o n a ,
U T
\9\

1994
4.0
4.0
178
116
0.58
220
31
—
—
—
—
2.7
1 6
1.0
:328
35.9
25
31
27

S a n d y , P a l m e r t o n ,UT PA
[13] (12)
1994 1994
3.0
3.0
212
80
0.36
260
204
367
220
362
344
2.3
1.7
5.0
1961
38.0
25
27
32

4.7
—
589
122
0.23
1103
—
780
—
—
—
6.2
<0.35
—
1921
33.6
23
30
32

—. no data e x i s t s . " T a b l e d va lue s are g e ome t r i c means excep t for "When h o u s i n g was constructed." whose value s are a r i t h m e t i c mean year of c o n s t r u c t i o n , where a v a i l a b l e ,
or the modal epoch of c on s t ru c t i on if not (i.e.. 1890-19401; and "Child's age." "Mouthing." "Residency length." and "Socioeconomic status." whose tabled values are a r i t h m e t i c
means. 'Possible range = 10 ( l o w score) to 40 (high s c o r e ] ; cons truc t ed f r o m 10 i t e m s each measured on a 4-pomt scale. " P o s s i b l e range = 8 (low scorei to 66 (high scorei.
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T a b l e 2. Summary of elevated b lood lead l ev e l s of c h i l d r e n < 72 months at f o r m e r ore-proce s s ing sites.3

Study site Y e a r Number screened N u m b e r > 10 ug/dl %> 10 ug/dl N u m b e r > 20 ug/dl % > 20 ug/dl
Telluride, CO"L e a d v i l l e . C O C

M i d v a l e , UPButte, MPL e a d v i l l e , C O 0

Palmer ton , PA C

Bingham Creek. L I T "Sandy. UPSandy, UPP a l m e r t o n , PA"M a g n a , UPMagna, UPA s p e n , CO* (17\
T o t a l 6

T o t a l '

19861987198919901991199119931993-1994
19951994199419951996

1986-19961986-1996

94150181294315849711292571401621989
20742459

20612315261980091020
156103

21.340.012.75.18.322.60.80.00.06.4
6.21.00.0
7.54.2

0141
2001
001
000

185

0.09.30.60.7
0.00.00.1
0.00.00.7
0.00.00.0
0.90.2

The NHANES III Blood Lead Survey (1989-1991) found that 8.9% of U.S. chi ldren under 72 months of age have blood lead levels > 10 ug/dl and 1.1 % have levels > 20 u g / d l .*Study conduc t ed by the U n i v e r s i t y o f C i n c i n n a t i . c S t u d y c onduc t ed by the Agency for Toxic S u b s t a n c e s and Disease R e g i s t r y . r f Study conducted by the c i t y / c o u n t y h e a l t hd e p a r t m e n t . The total is based on the earlier as se s sment of each community. 'The total is based on the more recent assessment of each community.

i n s i g n i f i c a n t pathways was e m p l o y e d . An
i n i t i a l model was s p e c i f i e d , s i m i l a r to that
shown in F i g u r e 1, that inc luded all p o s s i b l e
endogenous pathways and covariates and
i n t e r a c t i o n var iab l e s p o s t u l a t e d t o a f f e c t
one or more variab l e s in the causal chain.
The e f f e c t s o f i n s i g n i f i c a n t in t e rac t i on s , i.e.,
cross-products formed by m u l t i p l y i n g two
or more e x p l a n a t o r y var iab l e s in a given
equation, were removed b e f o r e the s i m p l e
main e f f e c t s f r o m which they were f o r m e d .
I n s i g n i f i c a n t e f f e c t s were removed unt i l all
the remaining p r e d i c t o r s in each s t ru c tura l
equation were s i g n i f i c a n t . At t h i s s tage, a
single forward inclusion step was per formed
chat a l l o w e d p r e v i o u s l y removed v a r i a b l e s
th e o p p o r t u n i t y t o re-enter the s t r u c t u r a l
equation. A f i n a l model was ob ta ined when
all e f f e c t s in the model were s i g n i f i c a n t and
all e x c luded p r e d i c t o r s were i n s i g n i f i c a n t , as
based on a t e s t f or i n c l u s i o n in the f i n a l
model. In all of these analyses , blood lead
and environmenta l lead da ta were trans-
f ormed to t h e i r natural l o g a r i t h m to nor-
malize t h e s t a t i s t i c a l d i s t r i b u t i o n s . A n a l p h a
level of 0.05 was used to j u d g e s t a t i s t i c a l
s i g n i f i c a n c e for each p o s t u l a t e d pathway in
each study.
Result s
A s u m m a r y o f t h e s i g n i f i c a n t p a t h w a y s
a m o n g t h e e n d o g e n o u s v a r i a b l e s f r o m
structural equation models f i t s e para t e ly to
each s i t e ' s d a t a i s s hown i n T a b l e 3 .
Ext er i or p a i n t lead l o a d i n g was f o u n d to be
a s i g n i f i c a n t p r e d i c t o r of soil lead concen-
t r a t i o n in 3 of 7 s tud i e s (43%) in which
t h i s pa thway was t e s t ed . The c o n c e n t r a t i o n
o f e n t r y d u s t l e a d w a s p r e d i c t e d s i g n i f i -
c a n t l y in 3 of 8 s t ud i e s (37.5%) by ex t er i or
p a i n t l e a d l o a d i n g , i n 1 o f 8 s t u d i e s

(12.5%) by interior paint lead l oad ing , and
in 6 of 7 (86%) s t u d i e s by soil lead concen-
t r a t i o n . C o n c e n t r a t i o n o f f l o o r dus t l ead
was s i g n i f i c a n t l y related to exterior p a i n t
lead l o a d i n g in 2 of 9 s t u d i e s (22%), to
i n t e r i o r p a i n t l e a d l o a d i n g i n 4 o f 1 0
s tud i e s (40%), to soil lead c onc en tra t i on in
6 of 8 s t u d i e s (75%), and to entry du s t
l e a d c o n c e n t r a t i o n in 7 o f 10 s t u d i e s
(70%). H a n d w i p e l ead was p r e d i c t e d by
i n t e r i o r p a i n t lead l o a d i n g in 2 of 6 s t u d i e s
(33%), by soil lead concentration in 2 of 3
s t u d i e s (67%), by entry dus t lead concen-
trat ion in 1 of 6 s tud i e s (17%), and by f l o o r
dust lead concentrat ion in 5 of 6 s tud i e s
(83%). F i n a l l y , ex t er ior pa in t lead l o a d i n g
was f o u n d to be a s i g n i f i c a n t f a c t o r in
e x p l a i n i n g the variance in blood lead in 2
o f 9 s t u d i e s (22%). I n t e r i o r p a i n t l ead
l o a d i n g c o n t r i b u t e d s i g n i f i c a n t l y in 1 of 10
s t u d i e s ( 1 0 % ) , soil lead c onc en tra t i on in 3
of 8 s tud i e s (37.5%), entry dust lead con-
centration in 1 of 10 s tud i e s (\0%), f l o o r
dust lead c onc en tra t i on in 7 of 11 s t u d i e s
(64%), and h a n d w i p e lead in 4 of 6 s tud i e s
(67%). T h e s e r e su l t s are also shown in
F i g u r e 2, which d e p i c t s the relative impor-
tance of each of the p o s t u l a t e d pa thways by
arrows o f v a r i o u s w i d t h s ( n o arrow i s
shown for a pathway that was never f ound
to be s i g n i f i c a n t ) .

T h e r e s u l t s s hown i n T a b l e 3 a n d
F i g u r e 2 addres s the e x t e n t to which the
various pathways p o s t u l a t e d to exist by the
th eor e t i ca l s t ruc tura l equat ion model can be
general iz ed to other sites. The s t r e n g t h of
the ind iv idua l pathways to a f f e c t blood lead
can be demons tra t ed by e s t i m a t i n g the sim-
ple regression r e l a t i o n s h i p between the geo-
metric mean blood lead and the geometric
mean environmental l ead, as observed from

the data co l l e c t ed w i th in each study. The
r e su l t s of t h i s a p p r o a c h are summarized in
T a b l e 4. The s t ronge s t r e l a t i o n s h i p s were
observed between blood lead and interior
f l o o r dust lead l o a d i n g ( / ? - = 0.96, a f t e r
e x c l u d i n g th e C i n c i n n a t i , Ohio, soil l ead
a b a t e m e n t p r o j e c t a n d T r a i l , B r i t i s h
Columbia , which were ou t l i e r s) or hand-
w i p e l ead ( / ? 2 = 0 .90); the weakest were
between blood lead and exterior or interior
paint lead (/?' = 0.07). The regression mod-
els also predic t that increasing exposure to
l ead is associated w i th e l evated blood lead
levels. If these mode l s indeed r e f l e c t causal
re la t ionships , then d imin i sh ing the amount
of lead in the env ironment w i l l re sul t in a
lesser lead burden for c h i l d r e n who, in the
f u t u r e , reside in the s e env ironment s . The
model for e s t imat ing blood lead from hand-
w i p e l ead p r e d i c t s t h a t c h i l d r e n whose
h a n d w i p e lead dif fers by about 9 ug ( f r o m
10-1 ug) have a r e d u c e d b l o o d l e a d of
about 14 u g / d l ( f r o m a p p r o x i m a t e l y 15-1
u g / d l ) . S o m e w h a t s m a l l e r r e d u c t i o n s i n
b l o o d lead wou ld b e e x p e c t e d f o r d i f f e r -
ences in dust lead or soil lead concentra-
t ions of 1000 p p m , f r o m 1100 to 100 ppm
( r a n g i n g between 6.5 u g / d l for dust and 2.2
u g / d l f o r s o i l ) ; f o r d i f f e r e n c e s i n f l o o r dust
lead l oad ing s of about 1000 ug/m~. from
1100 to 100 u g / m ~ ( a p p r o x i m a t e l y a 9.0
u g / d l decrease); or for a d i f f e r e n c e in pa in t
lead of about 2.5 mg/arr , f r om 3.0 to 0.5
m g / c m - ( r a n g i n g between 2 .1 u g / d l f o r
i n t e r i o r p a i n t lead and 1.3 u g / d l for exterior
p a i n t l e a d ) .

F o r c o m p a r i s o n , a l i n e a r regres s ion
model wa s e s t i m a t e d f or p r e d i c t i n g each
s i t e ' s a r i t h m e t i c mean blood lead f r om t h e
a r i t h m e t i c mean e n v i r o n m e n t a l lead. T h e s e
results are shown in T a b l e 5. The fit of the
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T a b l e 3. S u m m a r y of s i g n i f i c a n t d i r e c t pa thways among the endogenous variables."
Fract ion o fC i n c i n n a t i T e l l u r i d e . C i n c i n n a t i M i d v a l e , But t e , L e a d v i l l e , T r a i l , Bingham Magna, S a n d y , P a l m e r t o n . m o d e l s w i t hc h i l d s t u d y CO s o i l lead s t u d y UT MT CO BC Creek , UT UT UT PA pathway

Pathways r>=149 / ? = 4 5 n=63 n = 1 1 2 n= 192 n=185 n=180 n=657 n=91 n=89 n=92 p r e s e n t l % )
S o i l leadExter ior p a i n tI n t e r i o r p a i n t
Entry du s t l eadExter ior p a i n tI n t e r i o r p a i n tS o i l lead
F l o o r dus t l eadExter ior p a i n tI n t e r i o r p a i n tS o i l l e a dEntry dust lead
H a n d w i p e l eadExter ior p a i n tI n t e r i o r p a i n tS o i l l eadEntry d u s t l e a dF l o o r dus t l e a d
B l o o d l eadE x t e r i o r p a i n tI n t e r i o r p a i n tS o i l l eadEntry dus t l eadF l o o r dus t l eadH a n d w i p e l e a d

N TN T
N TN TN T
N T

+ (0.0500)N T
+ 10.00031

N T
0N T
0+ (0.0082)

N T
0N T
0

+ (0.0086)
+ (0.0016)

0
0

+ (0.0041)0
0
000

+ 10.0001)
0
0
0
0+ (0.0072)
000
0

+ 10.0119)+ 10.0062)

N TN T
00N T
0
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+ 10.0001)
0
0N T

+ ( 0 . 0 1 3 0 )+ 10.0001)
0
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00
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3/7143)
0 / 7 ( 0 )
3 / 8 ( 3 8 )
1 / 8 ( 1 3 )6/7 (86)
2 / 9 ( 2 2 )4 / 1 0 ( 4 0 )
6 / 8 ( 7 5 )7 / 1 0 ( 7 0 )
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5/6 183)
2 / 9 ( 2 2 )
1 / 1 0 ( 1 0 )
3 / 8 ( 3 8 )
1 / 1 0 ( 1 0 )7/1 1 (64)
4 / 6 ( 6 7 )

NT, no t t e s t e d : 0 , t e s t e d but no t s i g n i f i c a n t . 'Signi f i cant p value s are in p a r e n t h e s e s ; the l e a d i n g + s igni f i e s the d i r e c t i o n o t the e f f e c t ( p o s i t i v e ! . 'Signi f i cant a s an i n t e r a c t i o nwi th p a i n t r emoval .
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F i g u r e 2. C o m p o s i t e s t r u c t u r a l equat ions p a t h w a y mode l of lead e xpo sure .

l i n e a r m o d e ! t o t h e d a t a w a s g e n e r a l l y
somewhat poorer, w i th R-s varying between
0.02 for e x t e r i o r p a i n t l ead and 0.90 for
i n t e r i o r d u s t l e a d l o a d i n g . T h e l i n e a r
m o d e l a l s o p r e d i c t s a s m a l l e r d e c l i n e i n

b l o o d l e a d s over t h e s t a t e d r a n g e s . F o r
e x a m p l e , the e x p e c t e d change in blood lead
because or a change in inter ior dust l o a d i n g
f r om 1100 to 100 ug/nrr is less than 1 u g / d l
given the s p e c i f i c a t i o n of a l i n e a r model.

Discussion
D e s p i t e v a r i a b i l i t y a m o n g t h e s i t e s i n
terms o f lead b i o a v a i l a b i l t y , t y p e o f s i t e ,
and p o p u l a t i o n s a m p l e d , o r i g i n o f th e lead
c u r r e n t l y f o u n d in the e n v i r o n m e n t , and
the exact s t u d y i n s t r u m e n t s used, a great
deal of c o m m o n a l i t y is f o u n d among the
r e s u l t s i n t h e s e 1 1 s t u d i e s . W i t h some
e x c e p t i o n s , s o i l l e a d and p a i n t l ead were
f o u n d to be i n d i r e c t i n f l u e n c e s on b lood
l e a d , u s u a l l y o p e r a t i n g t h r o u g h a dust l ead
or t h r o u g h d u s t on th e ch i ldr en ' s hands .
Soil lead had numerous i m p o r t a n t ind i r e c t
i n f l u e n c e s in these s t ud i e s . However , these
s t u d i e s c o n f i r m e d t h a t t h e p r o x i m a l i n f l u -
ences o f h a n d w i p e l e a d and i n t e r i o r f l o o r
dust lead t ended to be the most i m p o r t a n t
direc t c o n t r i b u t o r s to the b l o od lead of
c h i l d r e n under 6 years of age.

T h i s a n a l y s i s c o n f i r m s t h a t e n o u g h
c o m m o n a l i t y e x i s t s among the s t u d i e s and
the s a m p l e d p o p u l a t i o n s that a s i n g l e struc-
tural equation mode! is p r o b a b l y adequate.
However , the model needs to be f l e x i b l e in
o r d e r t o a c count t o r p a t h w a y s t h a t a r e
i n f r e q u e n t l y observed to p a r t i c i p a t e in th e
causal c h a i n t o e l e v a t e d b l o o d l e a d . F o r
e x a m p l e , e x t e r i o r p a i n t , i n t e r i o r p a i n t , soil
l e a d , a n d e n t r v du s t l ead d i r e c t l y a f f e c t e d
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T a b l e 4. M e t a - a n a l y s i s of the r e l a t i o n s h i p between l o g - t r a n s f o r m e d b lood lead and various environmental l ead sources.3

I n d e p e n d e n t v a r i a b l e U n i t s I n t e r c e p t S l o p e e s t imate S q u a r e d c o r r e l a t i o n N o . o f s t ud i e s Pred i c t ed d e c l i n e in blood lead*
/ o ( h a n d w i p e l e a d )/ n f i n t e r i o r dust lead loading)/ n ( i n t e r i o r dust lead l o a d i n g ) 1

in ( i n t e r i o r dust l ead c onc en tra t i on)/n|exterior entry dust lead concentration)/ n l p e r i m e t e r soil lead c o n c e n t r a t i o n )/ n ( m a x i m u m interior pa in t lead l oad ing)/ n ( m a x i m u m exterior paint lead l oad ing)

C9 ,p g / m z

p g / m z

p p mp p mp p mmg/cm 2

mg/cm 2

0.009-0.479-0.782-1.502-1.101-0.0151.5621.502

1.1840.4440.4740.5290.4350.2330.2320.152

0.900.550.960.580.720.650.070.07

61081010689

14.4
9.18.66.54.52.22.11.3

T h e s e are s i m p l e r e l a t i o n s h i p s u n a d j u s t e d for covariates. *Pred i c t ed d e c l i n e in b l ood lead for a reduc t ion in hand lead of 10-1 ug; dust l ead l o a d i n g of 1100 to 100 ug/m 2 ;dust l ead or so i l l ead c onc en tra t i on of 1100-100 p p m ; or p a i n t l ead l o a d i n g of 3.0-0.5 mg/ cm 2 , as c a l c u l a t e d f r o m the f i t t ed l i n e a r regress ion equation: /nfblood lead) =intercept + s l op e x /^environmental lead). Ex c lud ing the Trail and Cincinnati soil p r o j e c t s tudies , which appear to be outliers. The exposure in these two s tudies appears tobe p r i m a r i l y f r o m ex ter ior dust l ead.
T a b l e 5. Meta-analysi s of the r e l a t i o n s h i p between blood lead and various environmental lead sources.3

I n d e p e n d e n t variable U n i t s Interc ep t Slope e s t i m a t e Squared corre la t ion No. o f s tud i e s Predic ted d e c l i n e in blood lead*
H a n d w i p e leadI n t e r i o r dus t l ead l o a d i n gI n t e r i o r du s t l ead l o a d i n g 'Interior dust lead concentrationE x t e r i o r entry dust l ead concentrat ionPerimeter soil l ead c onc en t ra t i onMaximum interior paint lead l oad ingM a x i m u m e x t e r i o r p a i n t l ead l o a d i n g

P9p g / m 2

p g / m z

p p mp p mp p mmg/cm 2

m g / c m 2

1.8845.7604.5884.6783.4073.4824.8215.557

0.5800.00090.00090.0020.0020.001
0.4880.227

0.690.540.900.610.860.41
0.090.02

61081010689

5.20.90.92.42.31.51.20.6
T h e s e are s i m p l e r e l a t i o n s h i p s u n a d j u s t e d for covariates. Pred i c t ed d e c l i n e in b l o o d l ead for a r e d u c t i o n in hand lead of 10-1 pg; dus t l ead l o a d i n g of 1100-100 p g / m 2 ; dustl ead or soil lead concentra t i on of 1100-100 p p m ; or p a i n t lead l o a d i n g of 3.0-0.5 mg/cm 2 , as c a l c u l a t e d f r o m the fitted l inear regression equation: blood l ead = intercept +s l o p e x environmental lead. "Excluding the Trail and Cinc innat i soil pro j e c t s tudie s , which appear to be outliers. The exposure in these two studies appear s to be pr imar i lyf r o m ex t er ior dust l ead .
blood lead in the s t u d i e s done in U t a h ,
where the b i o a v a i l a b l i t y of the lead in the
environment may have been low or the lead
in the prox imal environment did not tend
to break down into s m a l l e r par t i c l e s (and
thus become p a r t of normal house d u s t ) .
I n f r e q u e n t l y observed e f f e c t s ( r e p r e s e n t i n g
either endogenous lead source variables or
the covariates of lead e x p o s u r e ) must be
ruled out on a s i t e-by-s i t e basis. The e f f e c t s
of covariates are l i k e l y to be site or p o p u l a -
t ion s p e c i f i c . A l i s t of the covariates that
have been mosc f r e q u e n t l y observed to
a f f e c t each e n d o g e n o u s v a r i a b l e i n t h e
s t ruc tura l equat ion mode l ' s causal chain i s
provided in T a b l e 6. The individual reports
p r o v i d e t h e e s t i m a t e s o f t h e e f f e c t s o n
blood lead and environmental lead of each
of the covariates s tud i ed at the various sites.

A s i m p l e regression model p e r f o r m e d
on the v a r i o u s s t u d i e s ' b l o o d l ead and
env ironmenta l lead geometr i c means i n d i -
cated thar r educ ing handwipe lead and dust
lead levels may result in s i g n i f i c a n t decl ines
in the b l ood lead of c h i l d r e n who come to
reside in these environments in the f u t u r e .
R e d u c i n g a c h i l d ' s h a n d w i p e lead l ev e l
f r o m 10 to I ug r e s u l t s in an e x p e c t e d
decrease in a young f u t u r e o c c u p a n t ' s b lood
lead o f about 14 u g / d l . It must b e p o i n t e d
out that these models are not corrected for
c o v a r i a t e s o r t h e o r h e r mea sured l e a d

T a b l e 6. Covariates f r e q u e n t l y found to m o d i f y the endogenous lead levels.
Endogenous outcome variable Modifying covariate
Exterior paint lead
Interior paint lead
S o i l l ead
E x t e r i o r entry du s t l ead

I n t e r i o r f l o o r du s t l ead

H a n d w i p e l ead

Blood lead

House a g e / c o n d i t i o n
House age/condi t ion
H o u s e a g e / c o n d i t i o nExt er i o r p a i n t c o n d i t i o n
H o u s e a g e / c o n d i t i o n
Exterior paint condit ionPercent bare soil in yard
H o u s e a g e / c o n d i t i o nHome renovationP a r e n t a l o c c u p a t i o nL e a d - r e l a t e d hobbiesPresence of pet s (dog or cat)
C h i l d ' s a g eP a r e n t a l o c c u p a t i o nLead-related hobbiesPresence of p e t s (dog or cat)Percent bare soil in yard
C h i l d ' s a g eM o u t h i n g f r equencyH e m a t o c r i tSocioeconomic s tatusDuration of res idencyT i m e spent ou tdoor s

sources and t h e r e f o r e are most u s e f u l in
d e m o n s t r a t i n g t h e r e l a t i v e e x p e c t e d
d e c l i n e s , n o t t h e a b s o l u t e d e c l i n e s t h a t
m i g h t b e o b t a i n e d in r e d u c i n g a s i n g l e
source of l e a d . Lead in the e n v i r o n m e n t
presents a m u l t i m e d i a mul t i source problem

t h a t is u n l i k e l y to be resolved by a b a t i n g
only one source or media in a community.
A c o m p a r a b l e l i n e a r model f o r each s i t e ' s
a r i t h m e t i c means p r o v i d e d a somewhat
poorer f i t to the d a t a and also p r e d i c t e d a
smaller d e c l in e in low-level blood leads.
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I n summary, t h e m o d e l i n g t e chnique
used to fit the data co l l e c t ed in these s t ud i e s
prov ide s an empirical method for pred i c t -
ing community lead exposure levels and the
inherent v a r i a b i l i t y about these levels. The
accuracy of these pr ed i c t i on s is crucial, not
only because of s c i en t i f i c interest and med-
ical concern, but also because such expecta-
tions o f t e n serve as the basis for regulat ion
of lead l eve l s in the environment.

Conclus ions
T h e s t a t i s t i c a l t e c h n i q u e o f s t r u c t u r a l
equation ana ly s i s is an ex t r eme ly f l e x i b l e
method that may be used to model envi-
r o n m e n t a l source d a t a l i n k a g e s w i t h
human p o p u l a t i o n exposure. A l t h o u g h a
good deal of variabi l i ty has been observed
in lead exposure d a t a c o l l e c t e d at various
former ore-proce s s ing and urban s i t e s , the
s t r u c t u r a l e q u a t i o n m o d e l s t a i l o r e d t o

each l o c a l e were s i m i l a r to one another.
T h e s e r e s u l t s occurred d e s p i t e l ow l ev e l s
of lead in blood at the ore-processing sites
and obvious source and p o p u l a t i o n d i f -
ferences. In conclus ion, the technique o f
s truc tural equation m o d e l i n g is a power-
ful tool f or h e l p i n g resolve the c o m p l i -
cated in t erac t i on s between contamination
in the environment and human uptake of
these p o l l u t a n t s .
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